ABSTRACT
INTRODUCTION
Flow cytometric analysis of DNA content is a powerful and widely utilized method for studying cell cycle progression. The cell cycle effects of a specific gene can be observed in cells transiently transfected with a vector that drives expression of the gene by measurement of cellular DNA content. To distinguish between transfected cells and nontransfected cells, the gene of interest is usually co-transfected with a marker gene, and both are detected simultaneously by dual-parameter flow cytometry. The DNA content is determined using a dye that binds DNA and allows quantitation. Since most dyes suitable for a high-resolution flow cytometric analysis of DNA content [such as propidium iodide (PI), 4 ′ ,6-diamidino-2-phenylindole (DAPI) and 7-aminoactinomycin] cannot pass through the intact plasma membrane, cells have to be permeabilized before DNA analysis, usually by ethanol fixation. Consequently, the transfection markers used for flow cytometry must be able to withstand the disruption of cellular membranes. The CD antigens are the most commonly used transfection markers (15, 19) . Detecting these cell surface antigens, however, requires expensive antibodies and involves lengthy staining procedures. Moreover, expression of these antigens can lead to undesirable side effects. For example, the widely used CD20 is a calcium channel (1) and may alter cell cycle parameters (8) .
An attractive alternative to these transfection markers is the green fluorescent protein (GFP) of Aequorea victoria (2) . However, GFP is a soluble cytoplasmic protein, and treatments that compromise the integrity of the plasma membrane result in a leakage of this protein from the cell. To preserve GFP in ethanol-fixed cells, chimeric GFP fusions that are targeted to the plasma membrane have been described (6, 7) . Here, we show that a simple treatment of cells with digitonin completely preserves the fluorescence of GFP anchored in the intracellular membranes of the endoplasmic reticulum (ER) and allows quantitative staining of the nuclear DNA with PI. The digitonin treatment requires fewer manipulations than conventional fixation techniques and prevents losses of cells and decrease of GFP fluorescence often associated with fixation. This technique is easy to perform, does not require optimization and the use of expensive reagents, and yields samples that can be conveniently stored before flow cytometry without loss of GFP fluorescence.
MATERIALS AND METHODS

Construction of ER-Enhanced GFP (EGFP)
A fragment encoding amino acids (aa) 206-254 of the human lamin B receptor (LBR) (18) was derived by polymerase chain reaction (PCR) from human fibroblast cDNA and cloned into Eag I and BamHI sites of pEGFP-C2 vector (CLONTECH Laboratories, Palo Alto, CA, USA), in-frame with the EGFP coding sequence. To eliminate toxicity of pEGFP-C2 observed on some cell lines, the sequence of the fusion protein (ER-GFP) was re-cloned into pGL3-Control vector (Promega, Madison, WI, USA) in place of the luciferase gene.
Cell Culture and Transfections
Human osteosarcoma U2OS cells (from Dr. Pavel Shiyanov, University of Illinois at Chicago) and mouse NIH 3T3 cells (ATCC, Rockville, MD, USA) were maintained in Dulbecco's modified Eagle medium (DMEM) supplemented with calf serum (10%) and penicillin-streptomycin. U2OS cells plated on 60-mm dishes were transfected using calcium phosphate (3) with 1 µ g of pGL-ER-GFP and 7 µ g of the murine p27(Kip1) expression construct (cloned in the pCI vector, Promega) or the empty pCI vector. The calcium phosphate precipitate was removed after an overnight incubation; cells were re-fed with fresh medium and re-fed again 24 h later. Forty-eight hours after precipitate removal, cells were analyzed by flow cytometry. For transfection of 3T3 cells, 1.5 µ g pGL-ER-GFP, 4.5 µ g pCI or pCI-p27 and 4 µ g carrier NIH 3T3 DNA were used per 60-mm dish. Cells were collected for flow cytometry 30 h after precipitate removal (before they became confluent) to minimize effects of contact inhibition.
Buffers and Solutions
The 0.8% (wt/vol) stock solution of digitonin (Catalog No. 300410; Calbiochem-Novabiochem, San Diego, CA, USA) was prepared by dissolving the detergent in ethanol at 70°C; it was stored at room temperature. The working 0.04% solution was prepared by diluting the stock solution in Buffer H (20 mM HEPES, pH 7.2, 0.16 M NaCl, 1 mM EGTA). The stock PI solution (1 mg/mL) in phosphate-buffered saline (PBS) was stored at room temperature in the dark. DNase-free RNase (Sigma Chemical, St. Louis, MO, USA) was prepared at 10 mg/mL in water and stored at -20°C.
Digitonin Treatment of Cells
The protocol in Table 1 , devised for approximately 10 6 cells, is carried out with all centrifugations at 500 × gfor 5 min at 4°C. PBS and Buffer H are prechilled to 0°-4°C, and cells are resuspended by gentle vortex mixing.
Flow Cytometry
Bivariate measurements of green (GFP) and red fluorescence (PI-DNA content) were made with FACSort ™ Cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA, USA) using a 15-mW argon laser (emission at 488 nm). Forward and side-angle scatters (FSC and SSC) were used to exclude cellular debris. The GFP and PI signals were separated with a 560-nm shortpass dichroic mirror and collected with a 530/30 bandpass (FL1) and 585/42 bandpass (FL2), respectively. The PI signal was displayed on a linear scale, and GFP signal was displayed on a log scale. For cell cycle distributions, gates were set on a FL2-width vs. FL2-area plot to exclude aggregates. Data were collected until >3000 events with the FL1 signal (GFP) at least 10 times higher than the background have been recorded. Data were analyzed using the CellQuest ™ software (Becton Dickinson Immunocytometry Systems) and ModFit LT ™ 2.0 (Verity Software House, Topsham, ME, USA).
RESULTS
Cellular plasma membranes can be rapidly and selectively permeabilized using low concentrations of digitonin, a steroid glycoside that interacts with cholesterol (5, 11, 16) . The intracellular membranes that lack cholesterol, such as those of the ER, mitochondria and lysosomes, are unaffected by digitonin over a wide range of concentrations (5, 9) . We anchored the EGFP in the ER membranes by creating a fusion with 2. Aspirate off medium, resuspend cell pellet in 1 mL of PBS and centrifuge again.
3. Aspirate off PBS, resuspend cells in 0.5 mL of Buffer H, then add 0.5 mL of 0.04% digitonin in Buffer H and vortex mix gently; store on ice for 1-5 min.
4. Centrifuge the permeabilized cells, remove supernatant and resuspend the pellet in 1 mL of Buffer H. Add RNase A to a final concentration of 200 µ g/mL and PI to 10 µ g/mL. Incubate for 30 min at room temperature in the dark. Samples then can be stored at 0°-4°C. the 49-aa fragment of the human LBR that contained its first transmembrane domain (12, 13) . Cells transfected with the GFP-LBR chimeric construct demonstrated a pattern of green fluorescence characteristic for ER localization ( Figure 1A) ; the fusion protein was thus designated ER-GFP. When U2OS cells transfected with ER-GFP were incubated with 0.02% digitonin, the permeabilized cells ("ghosts") retained green fluorescence of ER-GFP, while their nuclei became accessible to the membrane-impermeable dye PI ( Figure 1B) . A similar treatment of cells expressing unmodified EGFP resulted in a complete loss of green fluorescence (data not shown).
The digitonin permeabilization procedure was relatively insensitive to the duration of treatment and the ratio of the cell number to the total amount of detergent in the solution. After evaluating different buffers, we adopted the use of a slightly hypertonic buffer containing 1 mM EGTA (Buffer H), which promoted the formation of uniformly sized, well-separated cell ghosts. To estimate the retention and stability of ER-GFP in permeabilized cells, we analyzed U2OS cells from a pool of colonies stably transfected with an ER-GFP expression vector. Cells collected by trypsinization were divided into two parts, one of which was resuspended in PBS and immediately analyzed by flow cytometry, while the other was treated with digitonin and then stored at 4°C for 24 h before analysis. The profiles of green fluorescence were virtually identical in these samples (Figure 2 ), indicating that retention of ER-GFP in digitonin-treated cells is stable and quantitative.
We next evaluated the digitonin treatment protocol in the flow cytometric analysis of the cell cycle following transient co-transfection of ER-GFP with other expression constructs. U2OS cells were co-transfected with the ER-GFP marker plasmid and either an empty vector (pCI) or the expression construct pCI-p27, which encodes the cdk inhibitor p27(Kip1). Overexpression of p27 in various cells has been shown to cause a G1 arrest (10, 14) . To selectively examine transfected cells, flow cytometric analysis was carried out to include only those cells that were positive for ER-GFP. After transfection with pCI-p27, the fraction of cells with G1 DNA content was significantly increased (from 33% to 84%) as compared with cells transfected with the empty vector; whereas, the fractions of cells in S (from 39% to 7%) and G2/M (from 28% to 9%) were concomitantly reduced (Figure 3) . A similar effect of p27 expression was observed in NIH 3T3 cells (Figure 3) . Thus, ER-GFP can be successfully used as a marker in flow cytometric analysis of the cell cycle in transfected cells of both human (U2OS) and mouse (NIH 3T3) origin.
DISCUSSION
We describe herein a simple new procedure for the flow cytometric analysis of the cell cycle utilizing a GFP that binds to intracellular membranes as a transfection marker. The key feature of this technique is the use of digitonin, which is simpler and more reliable than cell fixation. In our experiments, conventional fixation-based procedures were found unsatisfactory for several reasons. Treatments with alcohols invariably led to a partial or complete loss of either native or membrane-anchored GFP, which could be observed microscopically by the appearance of floating fluorescent fragments. The use of fixatives require careful optimization and was poorly reproducible. Moreover, upon storage of the fixed-cell samples, GFP fluorescence was significantly degraded.
The use of digitonin has many advantages over fixation-based procedures. (i) Fluorescence of the ER-anchored GFP is essentially undiminished by digitonin, as observed by fluorescent microscopy and flow cytometry analysis.
(ii) The protein appears stable for at least 24 h. (iii) Permeabilization with digitonin is fast and reproducible in different cell types (5, 9, 16) and allows quantitative staining of cellular DNA with PI. In our hands, the quality of the cell cycle profiles obtained by flow cytometry of digitonin-treated samples is similar or better than those of ethanol-fixed cells or detergent-isolated cell nuclei.
The digitonin permeabilization method is likely to be of universal utility with any GFP bound to cellular structures that are unaffected by digitonin. In this study, we targeted GFP to the membranes of the ER by utilizing the first transmembrane domain of LBR, an integral membrane protein of the nuclear envelope (12, 13, 17) . Integration of the LBR fusion proteins into the ER membranes apparently occurs by co-translational mechanisms and does not require additional modifications (4). The fluorescence of ER-GFP, although sufficient to distinguish transfected cell populations in flow cytometry, is lower than that of the cytoplasmic EGFP. With an increasing variety of GFP fusions becoming available, as a further improvement of this technique, we expect that some of these chimeric proteins might provide brighter markers.
In summary, digitonin treatment is a simple and convenient method of cell permeabilization that preserves the fluorescence of the ER-bound GFP, allowing PI staining of DNA and cell cycle analysis without cell fixation. The use of digitonin should greatly facilitate the flow cytometric analysis of the cell cycle in transfected cell populations.
INTRODUCTION
Many clinically important drugs such as erythromycin and rapamycin belong to a class of compounds known as polyketides. These compounds are especially abundant in the mycelial bacteria of the order Actinomycetales , where they are synthesized by polyketide synthases (PKSs) and produced as secondary metabolites. PKSs are encoded by large gene clusters ranging from 10 kb to more than 100 kb. Until recently, all expression systems for bioengineered polyketides (PKs) have been in Streptomyces,which reflects the complexity of the biosynthetic process. The successful synthesis of a fungal PK, 6-methylsalicylic acid (6-MSA), has recently been reported in Escherichia coli and in yeast (6) , yet production of a macrolide antibiotic such as erythromycin in these hosts has not been published in the scientific literature. E. coli / Streptomycesshuttle vectors harboring PKSgene clusters frequently are larger than 20 kb. It is generally known that large plasmid size results in a decrease of transformation frequencies. Therefore, it is of considerable importance to use a host strain that can be efficiently transformed, preferably with methylated DNA. The lack of such a strain led to the study reported here.
MATERIALS AND METHODS
Bacterial Strains and Plasmids
Epicurian Coli ® XL1-Blue ( rec A1 end A1 gyr A96 thi -1 hsd R17 sup E44 rel A1 lac[F ′ proABlac I q Z ∆ M15 Tn 10 (Tet r )]) (Stratagene, La Jolla, CA, USA) was the preferred plasmid host. E. coli SCS110 ( rps L (Str r ) thr leu endA thi -1 lacY galK galT ara tonA tsx dam dcm sup E44 ∆ ( lac-proAB ) [F ′ tra D36 proAB lacI q Z ∆ M15]; Stratagene) was used for generating methyl-free plasmid DNA. Both S. coelicolor derivatives (CH1 and CH999) and plasmid pLRermEts are described in detail by McDaniel et al. (8) while S. lividans TK24 ( str-6 ) is described by Hopwood et al. (4) . The E. coli/Streptomyces shuttle plasmid pKAO127 ′ Kan ′ expresses the three 6-deoxyerythronolide B synthase (DEBS)
